Domesticated crops experience strong human-mediated selection aimed at developing high-yielding varieties adapted to local conditions. To detect regions of the wheat genome subject to selection during improvement, we developed a high-throughput array to interrogate 9,000 gene-associated single-nucleotide polymorphisms (SNP) in a worldwide sample of 2,994 accessions of hexaploid wheat including landraces and modern cultivars. Using a SNP-based diversity map we characterized the impact of crop improvement on genomic and geographic patterns of genetic diversity. We found evidence of a small population bottleneck and extensive use of ancestral variation often traceable to founders of cultivars from diverse geographic regions. Analyzing genetic differentiation among populations and the extent of haplotype sharing, we identified allelic variants subjected to selection during improvement. Selective sweeps were found around genes involved in the regulation of flowering time and phenology. An introgression of a wild relative-derived gene conferring resistance to a fungal pathogen was detected by haplotype-based analysis. Comparing selective sweeps identified in different populations, we show that selection likely acts on distinct targets or multiple functionally equivalent alleles in different portions of the geographic range of wheat. The majority of the selected alleles were present at low frequency in local populations, suggesting either weak selection pressure or temporal variation in the targets of directional selection during breeding probably associated with changing agricultural practices or environmental conditions. The developed SNP chip and map of genetic variation provide a resource for advancing wheat breeding and supporting future population genomic and genomewide association studies in wheat.
Domesticated crops experience strong human-mediated selection aimed at developing high-yielding varieties adapted to local conditions. To detect regions of the wheat genome subject to selection during improvement, we developed a high-throughput array to interrogate 9,000 gene-associated single-nucleotide polymorphisms (SNP) in a worldwide sample of 2,994 accessions of hexaploid wheat including landraces and modern cultivars. Using a SNP-based diversity map we characterized the impact of crop improvement on genomic and geographic patterns of genetic diversity. We found evidence of a small population bottleneck and extensive use of ancestral variation often traceable to founders of cultivars from diverse geographic regions. Analyzing genetic differentiation among populations and the extent of haplotype sharing, we identified allelic variants subjected to selection during improvement. Selective sweeps were found around genes involved in the regulation of flowering time and phenology. An introgression of a wild relative-derived gene conferring resistance to a fungal pathogen was detected by haplotype-based analysis. Comparing selective sweeps identified in different populations, we show that selection likely acts on distinct targets or multiple functionally equivalent alleles in different portions of the geographic range of wheat. The majority of the selected alleles were present at low frequency in local populations, suggesting either weak selection pressure or temporal variation in the targets of directional selection during breeding probably associated with changing agricultural practices or environmental conditions. The developed SNP chip and map of genetic variation provide a resource for advancing wheat breeding and supporting future population genomic and genomewide association studies in wheat.
SNP genotyping | polyploid wheat | selection scans | wheat improvement | breeding history S ince its origin around 8,000 BC (1), hexaploid bread wheat (Triticum aestivum ssp. aestivum) has been subject to intense selection aimed at developing improved, high-yielding varieties that are adapted to diverse environmental conditions and agricultural practices (2) . This process has included modification of vernalization and photoperiod requirements (3), adaptation to water-limiting conditions (4), low temperature (5), salt (6) , and soil toxicity (7, 8) . Development of semidwarf photoperiod-insensitive wheat varieties in the 1940s formed the basis of the "Green Revolution" (9) .
The detection of loci under selection during crop improvement can contribute to more targeted breeding efforts and the opportunity to improve genomic selection models (10) . Although traditional phenotype-to-genotype approaches using mapping or association mapping populations are useful for identifying largeeffect trait loci (11) (12) (13) , they are limited to phenotypes that are readily measured and may fail to detect a large portion of the genetic changes associated with plant domestication and improvement (10) . Because selection has localized effects on molecular variation in populations (14) , methods based on detecting genomic regions with patterns of variation that differ from the genome-wide average can identify loci subject to selection (15, 16) . The advantage of these population genetics approaches is that they do not require identifying adaptive phenotypes a priori. Recently, genome-wide scans based on patterns of linkage disequilibrium (LD) as well as genetic differentiation between populations have been successfully applied to detect targets of selection in plants species by surveying both natural populations (16) and cultivated species (17) (18) (19) .
Although multiple studies have reported the genetic basis of individual phenotypes associated with wheat improvement and adaptation (9, 12, (20) (21) (22) (23) (24) or sought to characterize the structure of genetic variation in regional populations (25) (26) (27) (28) , the genome-scale impact of selection for improvement on the patterns of genetic variation in wheat remains largely unknown. Here we performed single-nucleotide polymorphism (SNP) discovery in the wheat transcriptome and developed a high-throughput SNP genotyping array. The array was used to construct a high-density wheat SNP map and to assess genetic variation in the coding region of 2,994 wheat accessions composing a broad geographical sample of landraces and wheat cultivars adapted to spring and winter growth conditions. Cultivars were selected to represent the major breeding programs of Australia, eastern and western Asia, Europe, and North America. The SNP distribution among the populations of cultivars and landraces was investigated to understand the impact of crop improvement on the structure of genetic diversity in wheat and to identify likely targets of selection.
Results SNP Discovery. To maximize the utility of the genotyping assay and reduce the effect of ascertainment bias, SNP discovery was performed in a diverse sample of cultivars (Dataset S1; Fig. 1 ; Fig. S1 ). Roche 454 sequence reads from nine wheat accessions originating from Australia, the United States, and Mexico were assembled into 477,291 reference transcripts (RTs) and used to identify 25,454 SNPs with a validation rate of 85-90% (Dataset S1 and SI Methods). The distribution of alleles at the SNP sites was assessed using deep-coverage Illumina sequence data generated from a sample of 20 diverse wheat cultivars from Australia, China, Mexico, and the United States, 3 of which overlapped with the panel of nine accessions used for 454 sequencing (Dataset S1 and Fig. S2 ). In addition, 655 SNPs discovered in a diverse panel of wheat landraces (27) and SNPs identified from a sequence capture assay of 3,500 genes in the parents of the SynOp mapping population (29) were selected for assay design. These datasets were used to select 9,000 SNPs for Illumina iSelect SNP assay design (SI Methods).
Genotyping with 9K iSelect Beadchip Assay. Of the 9,000 attempted SNP assays on the iSelect genotyping array, 8,632 were functional, representing a 96% conversion rate (SI Methods). A total of 7,733 SNPs were genotyped across a diverse panel of 2,994 hexaploid wheat accessions. The remaining loci did not produce clear clustering patterns or were monomorphic. Manual data curation was required for accurate genotype calling of 65% of the SNPs (Dataset S2 and SI Methods). Of the 7,733 SNPs, 49% permitted genotype calls in heterozygous hexaploid individuals, whereas the remaining SNPs produced closely spaced clusters suitable for genotyping homozygous plants only. The majority of SNPs behaved as biallelic markers; 338 (4.3%) of the SNP assays revealed segregation at more than one locus (Fig. S3) .
Consensus Wheat SNP Map. The consensus map was built using the genotypic data from seven mapping populations including six biparental populations and one four-parent Multiparent Advanced Generation InterCross (MAGIC) population (20) (Dataset S3). In total, 7,504 polymorphic loci were positioned in the consensus map. The average SNP density across chromosomes was 1.9 ± 1.0 SNP/cM. The polymorphic loci were genotyped by 7,160 assays; 6,822 loci mapped to a single chromosome, 332 mapped to two positions, and 6 mapped to three chromosomal positions across the mapping populations. The number of SNPs mapped was similar for the A and B genomes (3,469 and 3,415, respectively) and lowest (by about fivefold) for the D genome (620 SNPs). Among 3,588 markers on the consensus map for which the linkage group was unambiguous among the contributing individual maps, 436 markers showed evidence for segregation distortion. The majority (222) of these markers were on chromosome 2B, where distortion is known to occur in the region around the Sr36 locus, introgression from wild relative (20) . Of the remaining 214 markers, 145 were mapped to chromosome 1A, with only small regions showing distortion on chromosomes 4B, 5A, 5B, 6A, 6B, and 7A (Fig. 2B) .
Distribution of SNP Diversity Among Populations. A total of 6,305 (74%) SNPs were included in the analysis of genetic diversity and population structure in a worldwide sample of 2,994 hexaploid wheat accessions (Dataset S4). Despite their broad geographic distribution, from 86% to 100% of the SNPs were polymorphic within the individual populations, suggesting that the assay was enriched for common SNPs. This result is consistent with the shift of minor allele frequency (MAF) in the landraces and cultivars toward alleles with MAF >0.2 (Fig. 3A) . The observed MAF is the consequence of intentional bias in SNP selection, where common alleles were favored by choosing more broadly distributed SNPs (SI Methods).
The joint allele frequency distribution between landraces and cultivars showed a strong correlation for both the complete set of 6,305 SNPs (r 2 = 0.78) (Fig. 3B ) and the subset of 655 SNPs (r 2 = 0.74) discovered in landraces, suggesting a small effect of the SNP discovery procedures on the relative estimates of allele frequencies in these populations. The proportion of rare SNPs (MAF <0.05) at nonsynonymous sites in landraces (0.127) was higher than that at synonymous sites (0.079, Fisher's exact test, P = 8.2 × 10 −5 ). No fixed differences were found between the cultivars and landraces, and only 1.3% of variants were private to cultivars. The sample of 134 landraces used in our study captured nearly 99% of the alleles present in the analyzed set of 2,860 wheat cultivars. The overall genetic diversity of the cultivars (π = 0.36) was comparable to that of the landraces (π = 0.33) (Dataset S4). These results are consistent with an estimated limited (6%) reduction in population size accompanying the transition from landraces to cultivars (SI Methods and Fig. 4C ). Taken together, our data suggest that most of the diversity present in the modern cultivars was also present in landraces.
Wheat Population Structure and Linkage Disequilibrium. The relationships among the wheat accessions inferred using discriminant analysis of principal components (DAPC) (30) were mostly similar for both the complete set of 6,305 SNPs ( Fig. 1 and Fig.  S1 ) and a subset of 655 SNPs ( Fig. S4 A and C) discovered in a panel of landraces (27) . The total amount of genetic variation explained by the first five principal components was 93.8%. Most populations were clearly separated into spring and winter wheat, which could be further subdivided into groups largely coinciding with the accessions' geographic origin ( Fig. 1 and Fig. S4 A and C). Interestingly, despite the absence of European accessions in the SNP discovery panel, the European winter wheat population showed the strongest degree of genetic differentiation from the remaining populations, likely reflecting the use of genetically diverged founders (26) . Compared with winter wheat, a higher level of admixture was detected in spring wheat populations. For example, clustering of spring wheat from the Pacific Northwest (PNW) of the United States and from Australia with varieties from Mexico or of spring and winter wheat accessions from China with the PNW winter wheat suggests the extensive use of lines sharing common ancestry in the development of these varieties. The results of the DAPC were consistent with the results of model-based clustering analyses (Fig. S4A ).
Although the significant proportion of landraces clustered separately from cultivars ( Fig. 1 and Fig. S4B ), we found landrace accessions grouping with populations from different geographic regions. For example, coclustering of Chinese cultivars and landraces can result from broad use of landraces in breeding programs. The hierarchical F statistics, estimated from all SNPs as the ratio of sums of variance components (31) , showed that the proportion of genetic differentiation explained by geographic location (13.4%) was higher than that explained by growth habit (7.8%) or improvement level (2.9%). Similar estimates of variance components were obtained using the smaller subset of 655 SNPs discovered in landraces (SI Methods). These results suggest that the genetic composition of local populations can be shaped by alleles contributed by founding landraces, as well as by the divergence of these populations from the ancestral population of landraces. Our data revealed a high level of heterogeneity in the extent of LD across the wheat genome with blocks of high-LD SNPs (r 2 > 0.75) separated by regions with high historic recombination rates (Fig. 4 A and B ; SI Methods). LD between neighboring SNPs was higher in cultivars than in landraces (Wilcoxon signed-rank test, P < 0.05) (Fig. 4 A and B) . Likewise, the estimate of shared haplotype length around every SNP (32) was lower in the 134 landraces (4.9 cM) than in a comparable random sample of cultivars (5.5 cM; t test, P < 2.2 × 10 −16 ). These changes in LD are possibly caused by population bottleneck and selection during wheat improvement.
Evidence for Postdomestication Selection in the Wheat Genome. We used a comparison of genetic differentiation (F ST ) between populations and pair-wise haplotype sharing (PHS) in populations (16, 33) to identify genomic regions subject to selection. Because selection scan approaches based on F ST and haplotype sharing are not strongly affected by ascertainment bias (34, 35) , they are better suited for analyzing data generated using SNP chips.
The extent of genetic differentiation in a five-SNP window among the nine spring wheat populations [F ST ∼ 0.15 ± 0.02 (SD)] and seven winter wheat populations [F ST ∼ 0.15 ± 0.02 (SD)] were similar. We identified 21 regions in the spring wheat and 39 regions in the winter wheat that exceed the 0.173 and 0.175 F ST thresholds (P ≤ 0.05), respectively ( Fig. 2A) . Only two regions on the homeologous group 1 chromosomes were shared between these two scans.
With the worldwide sample of wheat accessions grouped according to their growth habit, the overall extent of genetic differentiation between spring and winter wheat [F ST (S/W)] was small, with a mean F ST in a five-SNP sliding window of 0.091 ± 0.008 (SD). We identified 15 genomic regions that differentiated the spring and winter wheat (mean F ST > 0.097) ( Fig. 2A) . Included in these genomic regions were SNPs flanking previously identified flowering-time QTL on chromosomes 5A and 5B (Vrn-A1, Vrn-B1) (21, 24) and 7B (22) ( Fig.  2A and Dataset S5). No genetic differentiation was detected around the photoperiod regulation genes Ppd-B1 (23), Vrn-2 (36), and Vrn-3 (37). However, the region around the Ppd-B1 contained SNP wsnp_Ex_c66052_64232430 with F ST = 0.099, which was above the specified window-based threshold.
To identify genomic regions selected during postdomestication wheat improvement, we assessed F ST between landraces and cultivars ( Fig. 2A) [F ST (L/C)]. The mean F ST in a sliding window was 0.079 ± 0.007 (SD) with a total of 32 regions showing extreme F ST (>0.082). Among these regions we find evidence of strong differentiation around a major "green revolution" gene Rht-B1 (12) .
The extent of haplotype sharing as measured by PHS was assessed in the populations of 1,192 spring and 1,802 winter wheat accessions and in a mixed population including winter and spring wheat ( Fig. 2A) . Because the PHS test has increased power to detect selection of variants that have not reached fixation (17), only partial overlap was found among SNP variants identified in the 2.5% tail of the PHS statistic calculated for spring (136 variants), winter (136 variants), and the mixed spring/winter (133 variants) populations (Dataset S5). Among a total of 308 SNPs showing evidence of selection, 34 (11%) were shared between spring and winter wheat, 52 (17%) were shared between the winter wheat and mixed spring/ winter wheat populations, and 27 (9%) were shared between the spring and mixed spring/winter wheat populations. We identified only 16 SNPs (5%) that were shared between all three populations. Selected alleles were found on 16 and 17 of the 21 wheat chromosomes in spring and winter wheat, respectively ( Fig. 2A) . Twenty percent (61/308) of the SNPs identified as PHS outliers were also F ST outliers (Dataset S5). These 61 SNPs were mapped to 23 genomic regions distributed across 10 wheat chromosomes.
The strength and duration of selection can impact the frequency and distribution of selected alleles among individual populations. The SNP variants in the 2.5% tail of the PHS distribution were present at relatively low frequencies in individual wheat populations (Fig. 5) . In the spring and winter wheat populations, from 40% to 80% and from 70% to 80%, respectively, of the SNP variants identified by the PHS scan had a MAF < 0.2. In the spring and winter wheat populations, 53 and 35 SNP variants from the PHS scan were present at a frequency >0.5 in at least one population, respectively. Some of these SNP alleles showed limited geographic distribution. For example, one of the alleles of SNP wsnp_BE499016B_Ta_2_1 located on chromosome 6B reached high frequency in the spring wheat cultivars from Mexico (Fig. 5 ). An allele of SNP wsnp_Ku_c28756_38667953 located near the Rht-B1 gene responsible for dwarfism showed high frequency in winter wheat populations from North America (Fig. 5) . These distinct patterns of geographic distribution of alleles subjected to selection can potentially be linked with adaptation to local environmental conditions.
Genomic regions showing evidence of selection include a number of genes contributing to agronomically important phenotypes in wheat or other plants. The regions identified by the PHS scan included the Rht-B1 locus, associated with wheat dwarfing phenotypes (12); Ppd-B1 and Vrn1, variants that are associated with day-length insensitivity and flowering time in both wheat and barley (21) (22) (23) (24) ; and the Sr36 locus, associated with resistance to a fungal pathogen (20) (Fig. 2 A and D ; Dataset S5). Three of these genes, Rht-B1, Vrn-A1, and Vrn-B1, also fell in genomic regions identified in the F ST genetic differentiation scan.
Discussion
Patterns of Genetic Diversity and Population Structure. The highthroughput SNP genotyping array and a high-density SNP map developed in our study provided us with an unprecedented opportunity to gain insights into the impact of crop improvement on the genome-wide patterns of genetic variation and identify putative targets of selection in the wheat genome.
Relatively small differences in diversity observed between modern cultivars and landraces are consistent with a minor bottleneck during wheat improvement that resulted in only a 6% reduction in population size. This observation is similar to findings in maize, which also show a minor effect of crop improvement on diversity (17, 38) and suggests the extensive use of landraces in the development of crop varieties. This is in contrast to domestication bottlenecks that result in significant changes in population size due to selection for alleles contributing to the domesticated phenotype (17) and the demographic effect linked with sampling from limited geographic areas (39, 40) . Low genetic differentiation between landraces and modern cultivars suggests that selection during wheat breeding, when we consider the total population, has not dramatically altered allele frequency genome-wide, but may have been accomplished by selection on a relatively limited number of loci. At the same time strong geographic differentiation among wheat populations found in the current and previously published studies (25) (26) (27) (28) and the relatedness of landraces and cultivars suggest that the use of distinct founders as well as allele-frequency divergence from the ancestral population of landraces could have contributed to the development of regional breeding populations. Relatively few alleles were exclusive to to wheat cultivars. Although the introgression of favorable traits from wild relatives has been proposed as a potential path to wheat improvement (41), the rarity of exclusive alleles suggests that these efforts to date have not notably altered the genetic composition of elite cultivars.
Growth habit is one of the primary mechanisms driving local adaptation. Although the measured impact of growth habit on genetic differentiation is limited, spring and winter wheat could be distinguished by both genetic assignment and DAPC analyses. The relative genetic similarity between growth habits likely reflects the common practice of using lines from both groups in breeding spring and winter wheat cultivars and the complex architecture of flowering-time regulation in wheat, where spring growth habit can result from independent mutations in multiple genes (42) . These conclusions are consistent with the limited overlap between strongly differentiated SNPs and the candidate flowering-time loci.
Selection Scans. We have identified a number of candidate selection targets associated with wheat improvement including regions containing genes involved in the regulation of flowering (21-24), development (12) , and stress response (20) . Although the biological function of many selection targets is unknown, the genomic resources developed in our study provide an opportunity for the identification of genes underlying wheat adaptation to diverse climatic conditions. Because F ST and PHS scans tend to identify loci at different stages of selection (15) , partial (20%) but nonetheless substantial overlap in the loci identified by the two approaches was consistent with previous studies in Arabidopsis (15) and humans (43) , which have demonstrated the dependence of genome-scan results on the approach applied to detect selection (44) . Fewer loci were identified as outliers based on F ST than on PHS, potentially reflecting limited differentiation in allele frequency in response to selection. Recent introgression of favorable alleles into breeding programs can generate admixture LD around the introgressed locus (20) , which is readily detected by the PHS scan. In contrast to the results obtained in natural populations (15) , human-driven selection in crops may have strong effects on both LD and genetic differentiation at a significant number of selection targets (17) (18) (19) .
The limited overlap (25% for PHS and 5-10% for F ST ) between the targets of selection identified in the spring and winter wheat populations suggests that selection may occur on distinct loci. There are two plausible explanations for this observation, both of which may play a role in the differences in targets of selection identified in these populations. First, selection pressures are likely to vary temporally and within a heterogeneous environment. This is consistent with the low MAF for many apparent targets of selection and may reflect changing selective pressures related to pathogen pressure or climatic regime. Second, selection may be acting on multiple functionally equivalent mutations in different portions of the broad geographic range of wheat. Functionally equivalent mutations are most plausible under strong selective pressures with limited migration to promote the spread of favorable variants (45) .
Conclusion. The targets of selection, identified as extended haplotypes with low MAF, have made only a small contribution to genetic differentiation among geographic regions. Our results suggest that regional adaptation likely resulted from the selection of multilocus genotypes by sampling among common variants rather than among few favorable variants (39) and support studies that suggest the quantitative nature of major agronomic traits (46) . Although the potential of using existing common alleles for crop improvement still requires further investigation, crop breeding will likely benefit from the introduction of new allelic variation from distant relatives. The high-throughput SNP array and diversity map will provide a resource for the accelerated analysis of wheat genetic diversity, identification of genes targeted by selection, designing of high-power genome-wide association studies experiments and marker-assisted breeding and genomic selection.
Methods
Plant Material. For SNP discovery, the transcriptomes of 26 accessions of hexaploid wheat (Dataset S1) were sequenced using Roche 454 and Illumina (GAII x and HiSeq2000) next-generation sequencing. The consensus genetic map was developed using seven experimental populations: four-parent MAGIC population (20) and six biparental populations (Dataset S3). Ditelosomic lines for Chinese Spring wheat (47) were used to orient and assign the consensus genetic map linkage groups to wheat chromosomes.
RT Assembly and SNP Discovery. The strategy outlined in SI Methods was applied to assemble transcripts produced from homeologous and paralogous copies of genes. The assembly of RTs was performed using MIRA v.3.0 (48). SNP discovery was performed by aligning reads against the RT (SI Methods) followed by validation in a set of an additional 20 wheat cultivars (Dataset S1). SNP discovery was also performed by sequence capture of 3,500 genes (29) in the parents of the SynOp population (49) . A set of 655 SNPs discovered in landraces was also included into our study (27) . A total of 9,000 SNPs were selected based on their distribution across genome and frequency in the discovery population (SI Methods).
SNP Genotyping. Infinium iSelect SNP genotyping was performed on the BeadStation and iScan instruments according to the manufacturer's protocols (Illumina). SNP clustering and genotype calling were performed using GenomeStudio v2011.1 software (Illumina). A genotype calling algorithm was generated for bread wheat using an iterative process to account for observed shifts in SNP clusters caused by differences in the number of duplicated (homeologous and paralogous) gene copies detected between assays (SI Methods).
Consensus Map Construction. The MAGIC map was constructed with the R package mpMap (20) . The linkage maps for the six biparental populations (Dataset S3) were created using the program MSTmap (50) . Linkage groups were assigned to chromosomes based on the MAGIC map and the results of SNP genotyping of wheat ditelosomic lines. MapMerge was used to integrate the MAGIC map with maps from each of the biparental populations (51) . The consensus map positions were scaled according to the average slope of the MAGIC and SynOp maps relative to the consensus map (SI Methods).
SNP Data Analysis. Basic summary statistics for each SNP (MAF, average pairwise diversity π) were calculated in the R package genetics and the libsequence C++ library (52) . Population structure was inferred using the program Structure (53) and the R package adegenet V1. 3-4 (30) . To assess the impact of wheat improvement on genetic diversity, we simulated data using coalescent simulations implemented in the program ms (54) . The data were simulated under a demographic model that was previously used to investigate the effect of a domestication bottleneck on crop diversity (39, 40) . Simulation details are provided in SI Methods.
Pair-wise estimates of LD were obtained SNPs with a MAF ≥ 0.05 by measuring r 2 according to Weir (55) . The average length of pair-wise shared haplotypes in populations (32) was calculated around each SNP for 134 accessions of landraces and random samples of 134 wheat cultivars. A genomic region was considered to be an outlier if two consecutive windows showed mean F ST above the 95th percentile generated through bootstrap resampling (1,000 times). The PHS statistic was calculated using the approach of Toomajian et al. (16) , which assesses the average length of shared haplotype blocks around a SNP position using pair-wise comparison of individuals within a population. SNP variants showing extreme PHS values were defined as those falling above the 97.5 percentile of the PHS distribution in a sliding window (from 0 to 1, step 0.01).
